This paper investigates experimentally the fatigue strength of high-strength steel, which has undergone the normal shipyard production process of plasma cutting, grinding, and sandblasting. The study includes steels with the yield strength of 355 and 690 MPa. The tested specimens are of dog-bone shape and represent the large-scale situation of a cruise ship balcony opening corner, loaded in shear or tension. The influence of surface roughness, internal inclusions, hardness, and residual stress on the fatigue strength are studied and discussed. Compared to the design curve as well as to the untreated surfaces, the results show significantly improved fatigue strength under constant amplitude loading at a load ratio of R = 0.1. However, very flat or even rising slope of the S-N curve indicates variations in the material and surface quality as well as in the residual stress. Surprisingly, internal defects even up to 100 μm in size did not decrease the fatigue strength.
Introduction
Next-generation large steel structures should have excellent energy efficiency and load carrying capacity-goals for which new lightweight solutions are needed. Better utilization of high-strength steels together with the advanced production technology has high potential for weight reduction. However, due to lack of knowledge about the fatigue resistance, current classification rules do not yet allow realizing the full potential of highstrength steels in lighter designs [1] [2] [3] .
Traditional production methods applicable for mild steel induce initial crack-like defects into the material. As higherstrength steel is more sensitive to these initial defects [4] , a phenomenon called notch sensitivity, the increased fatigue strength is lost. By appropriate post-treatment of critical structural details such as welds and plate edges, the initial defects can be removed. In large structures such as passenger ships, the most fatigue critical structural details, in addition to welds, are the corners of openings in the load-carrying structural members; see Fig. 1 .
Remes et al. [5] investigated the influence of surface integrity on the fatigue strength of high-strength steel used in large marine structures, e.g., the side shell with balcony openings. The investigation included full-scale specimens with the yield strength σ y of 355, 460, and 690 MPa. After plasma cutting, the plate edges were treated with methods suitable for shipyard production, i.e., grinding and grinding followed by sandblasting. The plasma cutting introduced a heat-affected layer with very high hardness, which was not influenced by grinding or sandblasting. Nevertheless, the results showed significant yield strength-dependent increase in the fatigue strength for treated specimens due to better surface roughness and beneficial compressive residual stress. Similar increase in fatigue strength after treatment is visible in [6] . In addition, Sperle [7] and Laitinen et al. [8] showed that the higher fatigue strength can also be achieved without treatment if the cutting quality is good.
However, the number of repetitions in the previous tests was too limited to cover the manufacturing variations. In addition, the results were obtained in the finite life region with the load cycles to failure between 10 5 and 10
6
, with the runout limit specified at two to five million. In reality, ship structures encounter up to 10 8 load cycles, if typical lifetime is assumed to be 25 years and majority of waves have a zero up-crossing period of 7-11 s; see e.g. [9] . Several researchers have reported fatigue failures after 10 7 cycles, and it has been often shown that in the range of 10 6 -10 8 the failure mechanism changes and the cracks start to initiate from the subsurface defects such as inclusions and pores instead of material surface; see, e.g., [10] [11] [12] [13] [14] [15] [16] . The experimental results have shown that it is unsafe to assume infinite life after the specimen has lasted a certain number of cycles. As these studies utilized small-scale polished laboratory specimens, the question remains how the typical shipyard production process of plasma cutting followed by grinding and sandblasting influences the fatigue strength of high-strength steel in very high cycle regions.
The goal of this study is to investigate the fatigue strength and failure mechanism of shipyard-processed high-strength steel in very high cycle fatigue ranges, i.e., more than two million load cycles. The influences of surface roughness, internal defects, hardness, and residual stress on the fatigue strength are studied and discussed.
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Experiments

Specimens
The uniaxial fatigue test specimen used in this study was similar to previous investigation in [5] and is presented in Fig. 2 . It represents the full-scale condition as the failure always occurs in the direction of maximum principal stress, while the exact location of failure within the corner changes depending on the ratio between the ship hull girder vertical bending moment and shear force. Specimens were 600 mm long and 30-100 mm wide. They were plasma cut from the 17-mm-thick plate with the nominal yield strength of 355 MPa and from the 15-mm-thick 690 MPa plate. The material properties are presented in Table 1 and chemical composition in Table 2 . After plasma cutting, the plates were grinded or grinded and sandblasted, which is normal shipyard practice before applying the paint.
Roughness measurements
The effect of post-cut treatment on the surface roughness was studied according to EN ISO 4288 [17] using contact stylustype device Mitutoyo Surftest. From each series, two or three specimens were measured. For each measured specimen, the values along six lines were defined, three on top and three on bottom plate surface (see Fig. 3 ). The evaluation length of one line was 16 mm containing five sampling lengths of 3.2 mm. A Gaussian filter was applied. From the measured profiles, three parameters were determined: (1) arithmetical average height of the surface roughness R a , (2) maximum peak to valley height R z_max , and (3) arithmetical average of maxi- mum peak to valley heights in five equidistant sampling lengths R z5 . The measurements were limited to plate surfaces because the previous study [5] did not reveal significant differences in roughness between plate surface and cut specimen edge.
Hardness measurements and microstructural analysis
The effect of plasma-cutting and post-treatment on the microstructure of cut edges were studied using macrosamples and Vickers hardness (HV0.3) measurements according to EN ISO 6507 [18] . Hardness testing was carried out with Buehler Micromet 2101 instrument. Prior to hardness measurements, the macrosamples were mounted in epoxy resin and grinded up to P2400 grit abrasive paper, followed by polishing with 3 μm and 1 μm diamond paste. The samples were etched with a 2% Nital solution to reveal the microstructure. The hardness measurement points are shown in Fig. 3 . After the fatigue testing, fracture surfaces were photographed with a microscope to categorize the crack initiation locations. Selected samples were examined also using the Zeiss Ultra 55 field emission scanning electron microscope.
Residual stress measurements
The effect of post-cut treatment on the residual stress was measured using X-ray diffraction with Stresstech X3000 device in accordance with EN ISO 15305:2007 [19] . The measurement points were in the middle of the specimen, on both plate surfaces and cut edges (see Fig. 3 ). The circular collimator diameter was 3 mm, radiation source was Cr-Kα (30 kV, 6.7 mA) and exposure time 5 s; 6/6 psi tilts were used. For stress evaluation, Young's modulus E of 211 GPa and Poisson ratio ν of 0.3 were used. Measurements were carried out in initial condition, i.e., as delivered from the shipyard. In total, two grinded and six sandblasted specimens were measured.
Fatigue tests
The test program consisted of 40 dog-bone specimens as summarized in Table 3 . Tests included constant amplitude (CAL) experiments with a load ratio of R = 0.1. In addition, one specimen was tested under variable amplitude WASH spectrum loading (VAL) (see [20] ). Tests were carried out in Hamburg University of Technology (TUHH) in Germany, using a resonant test rig with the testing frequency of approximately 32 Hz (see Fig. 4 ).
Results
Surface roughness
Surface roughness parameters are summarized in Table 4 and plotted in terms of average (R a ) and average of maximum peak-to-valley heights in five equidistant sampling lengths (R z5 ) in Fig. 5 . Examples of surface profiles for 690 steel together with the definition of R z5 are presented in Fig. 6 . In the case of grinded and sandblasted surface, the roughness R a is about 15 μm for both 355 and 690 steels. For grinded surface, the average roughness R a is around 1 μm being slightly higher for 690 steel than that of 355 steel. The R z5 values are approximately 10 μm for grinded surfaces and 100 μm for grinded and sandblasted specimens. The values and variation both are similar, but slightly larger compared to previous results reported in [5, 7] . According to ISO:9013 [21] , the grinded specimens belong to the first and sandblasted to the third or fourth, i.e., the worst quality class (see Fig. 5 ). Even though sandblasting results in about 10 times larger surface roughness, the profile is also smoother. Grinded specimens have sharper peaks and valleys, which can act as initial cracks (see Fig. 6 ).
Microstructure and hardness
Hardness of the plasma cut edge is plotted over the macrograph in Fig. 7 for 690 and in Fig. 8 [22] and slightly lower compared to [5] (see Table 5 ). For 690 steel, the value is larger compared to [5, 22] . The depth of the hardened layer is about 250 μm for 690 steel and 350 μm for 355 steel, respectively. In addition, it can be observed that hardness gradient between 
Residual stress
Residual stresses transverse to the loading direction are presented in Fig. 9 . The measurements include two 690 grinded specimens and six 690 sandblasted specimens. Compressive residual stresses down to approximately − 400 MPa can be seen in the cut edge, both in the case of grinded as well as grinded and sandblasted specimens. In the plate surface, the residual stress down to − 300 MPa can be observed in grinded specimens, while sandblasted specimens have lower values as well as smaller variation. Based on these and previous results [5] , it seems that sandblasting does not reduce residual stresses in the hardened cut edge, but does so in the plate surface. Compared to the previous study [5] , the observed maximum values of compressive residual stresses transverse to the load direction are up to three times larger. This may be due to higher number of measurement points in the current investigation, which has highlighted the large variation within some specimens. Furthermore, the results are different from the untreated plasma cut edges reported earlier, where the residual stresses were close to zero [5] or even slightly tensile [23] .
Fatigue test results
Fatigue strength
Fatigue test results for all specimens tested with the stress ratio of R = 0.1 are presented in Fig. 10 and summarized in Table 6 . The table also includes the results for treated and untreated plasma cut edges from the previous studies. The figure includes the run-out specimens that are retested at higher load level, but these data points are not included in the statistical analysis; see more from Appendix. It can be seen that the slopes of the test data are quite flat or even rising with the number of cycles, and therefore, the statistical parameters of the S-N curve are calculated using the same slope value of m = 15.4 for all series to allow for a comparison between them (Table 6 and Fig. 10 ). Note that Fig. 10 also includes data points from the previous study [5] , but these points are not included in the statistical analysis. Fatigue strength for 690 steel is significantly higher than that of 355 steel, but the difference in fatigue strength between grinded and sandblasted specimens is very small. For 690 grinded series, significant scatter can be observed (see Fig. 10 and Table 6 ). Figure 10 includes two design curves, FAT160 with the negative inverse slope m = 4 [3] and FAT235 with m = 4.7 [24] . The higher FAT class is associated with steels having yield strength of 500 MPa or above, and average surface roughness of R a ≤ 3.2 μm, loaded in tension only with high mean stress. In addition, Lefebre et al. 2015 [22] proposed FAT245 and m = 5 for steels S690/S700 with the surface roughness of R z < 100 μm. All test results of current study for 690 and 355 steel are above of these reference curves, even though R a and R z values exceed these specified limits in case of sandblasted surfaces.
The specimen tested under variable amplitude loading was a run-out at one million load cycles.
Fracture surfaces
On the basis of the fracture surface analysis, three different fatigue crack initiation types are observed: rolled plate surface, plate corner, and plasma-cut edge. Figure  11 presents an example of each location of the fatigue crack initiation, while Table 7 summarizes the crack initiation locations for all the test specimens. In the case of 690 grinded, 690 grinded and sandblasted, and 355 grinded and sandblasted specimens, the crack initiated mostly from the corner or the plate surface. For 355 grinded specimens, the crack initiated only from the plate surface. In the case of 690 grinded series, also subsurface crack initiation was encountered in two specimens with inclusion size up to 100 μm (see Figs. 12 and 13) . In these cases, however, reduction of fatigue strength due to inclusion was not observed; see the [8] 6 -12 0. 1 250 5 a The slope of the fitted curve is flat or even rising with the number of cycles; thus, the definition of S-N curve properties is not possible and fixed slope value is used Plasma cut high-strength steel post-cut treated in the shipyard production environment show significantly increased fatigue strength compared to the design curve FAT160 [3] . 690 steel has much higher fatigue strength than 355, but the difference between only grinded or grinded and sandblasted specimens is small. Compared to untreated plasma cut edges, the improvement is up to 100% for 690 and about 30-40% for 355 steel (see Table 6 ). The fatigue strength is high, but the slopes of the test data are quite flat or even rising with the number of 2 mm cycles and the definition of statistical parameters of the S-N curve is therefore not possible. In addition, large scatter in the results is observed for 690 grinded specimens. Flat slope and scatter in the results are related with three factors. First is the variation in the surface roughness. Surface roughness height is significantly smaller in grinded surfaces, but the peaks and valleys are also sharper and could have acted as initial cracks. This results in higher sensitivity of grinded surfaces to final surface quality. Furthermore, these results highlight that the surface quality and the related fatigue strength cannot be expressed just by the height of the roughness as done in current standards and rules (see, e.g., [21, 24] ). In addition, the shape of the roughness profile should be considered.
The second reason for flat slope and scatter is related with the material internal quality. For example, large inclusions even up to 100 μm in size were observed, but they did not decrease the fatigue strength unlike that reported for smallscale laboratory specimens in, e.g., [25, 26] and [27] . On the other hand, defects very close to surface may have influenced the fatigue strength of the specimen with the lowest fatigue strength (see Fig. 14) .
The third source of flat slope and scatter is the variation in residual stress. A large scatter between and within specimens w as observed (see Fig. 9 ). Considering the results of plasma cut untreated surfaces in [5, 23] , the compressive residual stress seems to be caused by grinding. After sandblasting, the compressive residual stresses relaxed in the plate surface but not in the hardened cut edge. The whole production process of plasma cutting, grinding, and sandblasting influences the hardened layer, the residual stress states, and the surface quality (see, e.g., [28] [29] [30] [31] ). Therefore, the influence of different production parameters should be further studied and optimized. Furthermore, the post-cut treatment of corners should receive extra attention as more than half of the specimens in this study failed from there.
The results presented in this and previous studies, [5, 8, 22, 23] , were obtained under constant amplitude loading with the stress ratio of R = 0.1. However, realistic loading of cruise ships includes variable amplitudes with over-and under-loads. In addition, higher mean stresses could occur in some parts of the structure due to still water bending moment. It is very important to check the fatigue resistance under realistic loading, especially because part of the fatigue strength increase can be attributed to the compressive residual stresses. Overloads may relax these beneficial residual stresses and reduce the fatigue strength. This study included just one 690 grinded and sandblasted specimen tested under WASH spectrum loading with the maximum stress close to yield limit and R = 0.5. No failure was encountered within one million load cycles, but more systematic investigation is required.
In addition, utilization of high-strength steels in large marine applications requires a holistic design approach as high fatigue strength in cut edges may shift the critical location to the next weakest link, for example, to the closest weld.
Conclusions
This paper investigated the fatigue strength of high-strength steel that had gone through the shipyard production process of plasma cutting, grinding, and sandblasting. Based on the results of constant amplitude loading tests at the stress ratio of R = 0.1, the following conclusions can be drawn:
& Fatigue strength of plasma-cut surfaces can be significantly improved with the post-cutting treatment applicable for shipyard production environment. The increase is achieved through introducing compressive residual stress and reducing the surface roughness height using grinding. & 690 steel has significantly higher fatigue strength compared to 355 steel, but the difference between grinded or grinded and sandblasted surfaces is small, even though the difference in surface roughness height is about 10 times. The fatigue strength after sandblasting did not drop significantly thanks to smoother surface roughness shapes. & Flat slopes of S-N curves and scatter in the results are associated with the variations in the surface roughness, material quality, and residual stress. & Inclusions even up to 100 μm in size did not decrease the fatigue strength.
Further experiments under realistic loading are required to understand the influence of residual stresses and over-and under-loads as well as high mean stresses on the fatigue strength.
Appendix
Fatigue test results are given in Table 8 . The B+^sign indicates multiple crack initiation sites, and B*^indicates retested runout specimen. 
